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NOMENCLATURE 
Uni t s  
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CO Carbon monoxide p o l l u t a n t  e m i h  t s  ion  
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E I Emission index 
fT,  fq Total  combustor metered f u e l - a i r  r a t i o  
f m Main-stage metered f u e l - a i r  r a t  i o  
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H Engine/combustor i n l e t  sir humidity 
HC Tota l  unburned hydrocarbon p o l l u t a n t  emission 
NO N i t r i c  oxide  p o l l u t a n t  emission 
NO, Tota l  oxides  of n i t r o g e n  p o l l u t a n t  emission 
N 1  Low pressure  ( f a n )  r o t o r  speed 
N2 High p r e s s u r e  ( c o r e  engine)  r o t o r  speed 
P2 Engine i n l e t  t o t a l  p ressure  
P2 5 High p r e s s u r e  r o t o r  i n l e t  t o t a l  p r e s s u r e  
P3, PT3 Compressor d i scharge  (combustor i n l e t )  p r e s s u r e  
T2 Engine i n l e t  t o t a l  temperature 
T2 5 High p r e s s u r e  r o t o r  i n l e t  t o t a l  temperature  
T3 Compressor d i scharge  (combustor i n l e t )  temperature 
T49 High p ressure  t u r b i n e  e x i t  temperature  
. 
f Fuel temperature 
" f Fuel f low r a t e  
g lkg f u e l  
g lkg 
g/ kg 
g l  kg 
g/kg 
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r p s  
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MPa 
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MPa 
K 
K 
K 
K 
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w2 
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Compressor d i scharge  t o t a l  a i r £  low r a t e  
Combustor a i r f l o w  r a t e  
Core engine  e x i t  g a s  flow r a t e  
Fuel manifold p r e s s u r e  d r o p  
Combustor t o t a l  p r e s s u r e  drop 
T h r o t t l e  angle 
Ambient-to-standard p r e s s u r e  r a t i o  ( + ~ / 0 . 1 9 1 3 2 5 )  
Ambient-to-standard temperature  r a t i o  (mTl288.3) 
Units 
v i i i  
SECTION 1.0 
SUMMARY 
The Diesel  No. 2 Fuel Addendum t o  t h e  Phase 111 Experimental Clean 
Combustor Program was conducted t o  provide a d i r e c t  comparison of  t h e  per- 
formance and exhaust emiss ions  o f  a CF6-50 engine  equipped wi th  an advanced, 
low-emission, Double Annular Combustor when fueled wi th  Diese l  No. 2 and JP-5 
f u e l s .  In the  base  program, a n  e x t e n s i v e  s e r i e s  of  engine  tests was conducted 
with JP-5 f u e l .  In  t h i s  addendum, s e l e c t e d  engine  s t eady-s ta te  o p e r a t i n g  con- 
d i t i o n s  ranging from i d l e  t o  f u l l  power were r e t e s t e d  wi th  Diese l  No. 2 f u e l .  
The engine  r e s u l t s  were f u r t h e r  compared t o  r i g  d a t a  obta ined i n  t h e  Phase I1 
program. 
E f f e c t s  of  f u e l  type on engine/combustor performance and exhaust  emis- 
s i o n s  were g e n e r a l l y  v e r y  smal l  and i n  good agreement wirh r i g  r e s u l t s .  How- 
e v e r ,  a t  approach power l e v e l ,  t h e  smoke l e v e l  wi th  Diese l  No. 2 f u e l  was 
s i g n i f i c a n t l y  h igher  than wi th  JP-5 f u e l  and exceeded t h e  EPA requirement.  
The need f o r  some improvement i n  f u e l - a i r  mixing techniques  and/or l eaner  
burning techniques  f o r  use  wi th  Diese l  No. 2 f u e l  is ,  t h e r e f o r e ,  i n d i c a t e d .  
A t  high power, smoke l e v e l s  and peak metal  temperatures  ~ i t h  Diesel  No. 2 
and JP-5 f u e l s  were v i r t u a l l y  i d e n t i c a l ;  t h i s  conf i rms t h e  previous  observa- 
t i o n  t h a t  advanced, low-emission combustors tend t o  be f a r  more t o l e r a n t  t o  
f u e l  changes than a r e  o l d e r  engine/combustor des igns .  However, t h e  Double 
Annular Combustor used i n  these  t e s t s  is cons ide rab ly  more complex than any 
combustor c u r r e n t l y  i n  use ,  and a d d i t i o n a l  development of t h i s  des ign con- 
cept  is requ i red ,  p a r t i c u l a r l y  i n  the  a r e a s  of e x i t  temperzture  d i s t r i b u -  
t i o n ,  engine  f u e l  c o n t r o l ,  and exhcbst  emission l e v e l s  b e f o r e  it can be con- 
s i d e r e d  f o r  production engine  use .  
SECTION 2.0  
INTRODUCTION 
Current f u e l  s p e c i f i c a t  ions f o r  a i r c r a f t  t u r b i n e s  were e s t a b l i s h e d  when 
t h e r e  was an abundance of h igh-qua l i ty  , domestic petroleum resources .  Pres-  
e n t l y ,  however, t h e  United S t a t e s  is h i g h l y  dependent upon fo re ign  s u p p l i e s ,  
and demand i s  p ro jec ted  t o  exceed petroleum a v a i l a b i l i t y  sometime a f t e r  1985 
(Reference I ) .  It is t h e r e f o r e  e s s e n t i a l  t h a t  a v i a t i o n  t u r b i n e  f u e l  s p e c i f i c a -  
t i o n s  be broadened t o  inc rease  t h e  y i e l d  from a v a i l a b l e  petroleum c rudes  and 
u l t i m a t e l y  permit product ion from t a r  sands ,  s h a l e ,  and c o a l .  However, 
broadened f u e l  s p e c i f i c a t i o n s  may r e s u l t  i n  p e n a l t i e s  t o  engine  performance, 
exhaust emissions c h a r a c t e r i s t i c s  , and d u r a b i l i t y .  These changes may, i n  
t u r n ,  r e q u i r e  changes i n  combustor/fuel-system des igns  and/or m a t e r i a l s .  
In 1974, NASA and o t h e r  government agencies  i n i t i a t e d  a  s e r i e s  of  pro- 
grams t o  d e f i n e  problems a s s o c i a t e d  wi th  the  use  of broadened s p e c i f i c a t i o n  
f u e l s .  The program was designed t o  evolve  s o l u t i o n s  t o  these  problems and t o  
guide  the  indus t ry  i n  e s t a b l i s h i n g  p r a c t i c a l  f u e l  s p e c i f i c a t i o n s  ( ~ e f e r e n c e  
2 ) .  General ly ,  t h e s e  s t u d i e s  have shown t h a t  o l d e r  combustion system des igns  
a r e  q u i t e  s e n s i t i v e  t o  f u e l  p roper ty  v a r i a t i o n s ,  p a r t i c u l a r l y  with r e s p e c t  t o  
smoke emiss ions ,  f  lane  r a d i a t  ion ,  and r e s u l t i n g  i n c r e a s e s  i n  metal  tempera- 
t u r e s  (References 3,  4 ,  and 5 ) .  However, advanced low-emission combustor 
des igns ,  such a s  those  which have been delveloped in  Phase 11 of  the  NASA 
Experimental Clean Combustor Program (ECCP), appear t o  be more t o l e r a n t  t o  
f u e l  proper ty  v a r i a t i o n  (References  6  and 7 ) .  These ECCP d 3 t 3  were obtained 
i n  component r i g  development t e s t s  where engine  o p e r a t i n g  c o n d i t i o n s  were 
dup l i ca ted  except f o r  combustor p r e s s u r e  l e v e l  a t  s imulated high-power engine- 
opera t  ing condi t  ions .  This  r e p o r t  d e s c r i b e s  r e s u l t  s of  a follow-on program 
i n  which the  e f f e c t s  of  broadened f u e l  s p e c i f i c a t i o n s  were f u r t h e r  i n v e s t i -  
gated i n  a c t u a l  t e s t s  of  a  CF6-50 engine  which was equipped wi th  an advanced, 
low-emission, Dooble Annular Combustor. 
This program was conducted a s  an addendum t o  Phase 111 o f  t h e  NASA/GE 
ECCP. The o v e r a l l  purpose of the  program was t o  develop and demonstrate 
technology f o r  the  des ign of advanced combustors, wi th  s i g n i f i c a n t l y  lower 
exhaust pol lu tant -emiss ion l e v e l s  than those  of c u r r e n t  technology combustors,  
f o r  use in advanced commercial a i r c r a f t  engines .  Phase I of the  NASA/GE ECCP 
was s p e c i f i c a l l y  d i r e c t e d  toward sc reen ing  and e v a l u a t i n g  a  l a r g e  number of  
combustor des ign approaches (Reference  8). The Phase 11 Program (Reference 9 )  
was d i r e c t e d  toward f u r t h e r  developing t h e  two most promising des ign 
approaches from the  Phase I Program hnd providing a  combustor des ign f o r  
engine demonstrat ion t e s t i n g  in the  Phase 111 Program (Reference 10) .  
The A l t e r n a t e  Fuels Addendum t o  the  Phase 11 Program (Reference 6 )  
involved a  t e s t  matr ix  of four combustor c o n f i g u r a t i o n s  and four s p e c i a l  
f u e l s ,  i n  a d d i t i o n  t o  t e s t s  with JP-5 f u e l  i n  the  b a s i c  program. The l a s t  
combustor t e s t e d  was the  prototype f o r  the  demonstrator Double Annular 
design evaluated i n  the  Phase I11 CF6-50 engine  t e s t e .  One of t h e  s p e c i a l  
f u e l s  was ASTM Grade 2-D Diese l  f u e l .  Catpared t o  Jet-A o r  JP-5, t h i s  f u e l  
has  an increased f i n a l  b o i l i n g  p o i n t ,  an  increased aromatic con ten t  (reduced 
hydrogen c o n t e n t ) ,  and is  ve ry  s i m i l a r  t o  t h e  Experimental E e f e r e e  Broad - 
S p e c i f i c a t  ion (ERBS)  f u e l  recommended by t h e  N ~ S A  ad hoc panel on jTt engine  
- 
hydrocarbon f u e l s  (Reference  1 ) .  Diesel  No. 2 f u e l  was s e l e c t e d  f u r  f u r t h e r  
i n v e s t i g a t i o n  i n  the  ECCP Phase 111 t e s t s .  
SECTION 3.0 
PROCRAM PLAN AND TEST FUELS 
The Diesel  No. 2 Fue l  Addendum t o  Phase 111 of  t h e  NASA/GE ECCP con- 
s i s t e d  o f :  
Performance t e s t i n g  and exhaust  emiss ions  t e s t i n g ,  us ing Diese l  
No. 2  f u e l ,  a  General E l e c t r i c  CF6-50 engine equipped wi th  a  low- 
emiss ion,  Double Annular Combustor. 
Analysis  and comparison of these  d a t a  t o  p rev ious ly  ob ta ined  
engine and r i g  t e s t  d a t a  which a r e  summarized i n  References 6 and 
10. 
The engine t e s t  was conducted immediately following t h e  b a s i c  program 
s teady-s ta te  performance and emiss ions  t e s t s  with JP-5 f u e l .  Following t h e  
Diesel  No. 2  f u e l  t e s t s ,  a d d i t i o n a l  e v a l u a t i o n s  with JP-5 f u e l  were conducted 
a s  pa r t  of the  b a s i c  program and o t h e r  program addenda (References 11 and 
12) .  Eleven engine o p e r a t i n g  cond i t ions  fram the  JP-5 f u e l  t e s t  schedule  
were s e l e c t e d  f o r  Diesel  No. 2 f u e l  t e s t i n g .  These t e s t  c o n d i t i o n s  a r e  shown 
i n  Table I. Test  p o i n t s  were s e l e c t e d  t o  provide d a t a  a t  t h e  EPA emi.ssions 
t e s t  power l e v e l s  of i d l e ,  approach,  cl imb-out,  and t a k e o f f .  V a r i a t i o n s  i n  
f u e l  sp l i :  between t h e  p i l o t  and main s t a g e s  a t  high-power o p e r a t i n g  cond i t ions  
were inves t iga ted  t o  determine t h e  p r e f e r r e d  s p l i t s  wi th  r e s p e c t  t o  exhaust 
emissions l e v e l s .  Addi t ional  , i n t e r m e d i a t e ,  power l e v e l s  were i n v e s t i g a t e d  
t o  more c l e a r l y  d e f i n e  the  e f f e c t s  of combustor o p e r a t i n g  parameters on per- 
formance and on exhaust emiss ions .  A t  each t e s t  p o i n t ,  engine  performance 
parameters,  combustor performance parameters ,  and exhaust  emiss ions  were 
measured. 
Diesel  No. 2 f u e l  with a f i n a l  b o i l i n g  point  of 615 K and a  hydrogen con- 
t e n t  of 13.2 weight percent  was used i n  t h e s e  t e s t L ; .  Analyses of t h i s  com- 
merc ia l ly  obta ined f u e l  a r e  shown i n  Table 11; p r o p e r t i e s  of  t h e  JP-5 f u e l  a r e  
a l s o  shown f o r  comparison. 
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Table 11. M;CP/CF6-50 Engine Test Fuel Analyses. 
Fuel Property 
Composition 
Aromatics, Vol % 
Olefins ,  Vol X 
Napthalenes, Vol X 
Sa tura tes ,  Vol X 
Hydrogen , W t  X 
Sulfur ,  W t  X 
Nitrogen , W t  ppm 
V o l a t i l i t y  
D i s t i l l a t i o n  Temperature, K 
I n i t i a l  Boiling Point 
10% 
20% 
50% 
90 X 
Final Boiling Point 
X a t  478K 
Residue, X 
b s s ,  % 
Flashpoint,  K 
Specific Gravity (288.7/188.7 K) 
Flu id i ty  2 Viscosity a t  310.9 K ,  mm /s 
Pour Poin t ,  K 
Comb us t ion 
Net Heat of Combustion, MJ/kg 
Smoke Point ,  mm 
( l ) ~ a s  Chromatograph. 
Test 
Method 
ASTM Dl319 
ASTMD1319 
ASTM Dl840 
ASRl Dl319 
AS'lX Dl018 
ASRl Dl266 
ASRl D3431 
ASTM D86 
JP -5 
Fuel 
15.4 
1.3 
1.6 
83.3 
14.0 
0.08 
2.5 
450 
i 
Diesel 
No. 2 Fuel 
30.9( l )  
1 .2( l )  
9 . w  
67.9( l )  
I ? .  2 
0.19 
89.0 
460 
489 
502 
533 
585 
6 15 
4.5 
1.1 
0.9 
338 
0.8493 
2.63 
250 
42.445 
14.0 
469 1 475 
ASTM D86 
ASTM D86 
ASTM D93 
ASTM Dl298 
ASR4 D445 
A S R l  D97 
ASTM D2382 
ASTM Dl322 
489 
5 16 
53 3 
25.5 
1.2 
0.8 
1 330 
0.8104 
1.53 
-- 
43.178 
24.5 
SECTION 4.0  
EQUIPMENT AND EXPERIMENTAL PROCEDURES 
Except f o r  the  use of Diesel  No. 2 f u e l ,  equipment and procedures 
u t i l i z e d  i n  these  addendum t e s t s  were i d e n t i c a l  t o  those  u t i l i z e d  i n  the  
bas ic  program t e s t s .  In-depth d e s c r i p t i o n s  a r e  conta ined i n  Reference 10; 
t h e  following s e c t  ions  a r e  b r i e f  d e s c r i p t i o n s .  
4 .1  CF6-50 ENGINE DESCRIPTION 
The CF6-50 i s  a  d u a l - r o t o r ,  h igh bypas r a t i o  tu rbofan  incorpora t ing  
a  v a r i a b l e  e t a t o r ,  a  h igh p ressure  r a t i o  compressor, an  annular  combustor, 
an air-cooled c o r e  engine  t u r b i n e ,  and a  coax ia l  f r o n t  fan  wi th  a  low-pressure 
compressor d r iven  by a  low-pressure t u r b i n e .  Major f e a t u r e s  of t h e  engine  a r e  
shown i n  Figure  1. The CF6-50C engine  model (224  kN r a t e d  t h r u s t )  oper- 
a t i n g  parameters,  l i s t e d  i n  Table 111, were used a s  the  combustor des ign 
and t e s t  cond i t ions  of  t h i s  program. 
CF6-50 Engine Number 455-10517 was used f o r  these  Double Annular Combustor 
demonstrat ion t e s t s .  This development engine was equipped,  g e n e r a l l y ,  wi th  
product ion engine p a r t s  ; i t  had been p rev ious ly  opera ted t o  CF6-50M engine  
r a t e d  t h r u s t  l e v e l s  of  241 kN. However, p r i o r  t o  the  ECCP t e s t s ,  t h e  engine  
had d e t e r i o r a t e d  t o  the  point  t h a t  s p e c i f i c  f u e l  consumption and t u r b i n e  
temperatures were h igher  than those  of any high-t  ime, in - se rv ice  product ion 
engine .  
4 .2  DOUBLE ANNULAR COMBUSTION SYSTEM DESCRIPTION 
In Phases I and I1 of the  NASA/GE ECCP, four advanced cor~~bus to r  con- 
c e p t s  were evaluated i n  CF6-50 engine-s ize ,  f u l l - a n n u l a r ,  combustor r i g  
t e s t s .  The bes t  r e s u l t s  were obta ined with t h e  Double Annular conf igura-  
t i o n .  The Double Annular Combustor, shown i n  Figure  2 ,  c o n t a i n s  two annular  
primary burning zones separa ted  by a  shor t  centerbody.  T h i r t y  f u e l  nozzles  
were used . each annulus.  The o u t e r  annulus is  t h e  p i l o t  s t a g e  and is  always 
fue led .  The inner  annulus i s  the  main s t a g e  and is  fueled on ly  a t  h igher  
power opera t ing  c o n d i t i o n s .  The a i r f l o w  d i s t r i b u t i o n  is  h i g h l y  b iased  t o  the  
main s t a g e  i n  o rde r  t o  reduce both i d l e  and high-power emiss ions .  The p i l o t -  
s t a g e  a i r f l o w  i s  s p e c i f i c a l l y  s i z e d  t o  provide n e a r l y  s t o i c h i o m e t r i c  f u e l l a i r  
r a t i o s  and long r e s i d e - ~ c e  t imes a t  i d l e  power s e t t i n g s ,  the reby  minimizing 
CO and HC emiss ions .  A t  high-power opera t ing  c o n d i t i o n s ,  most of the f u e l  
is supplied t o  the  main s t a g e  where the  res idence  t imes a r e  very  s h o r t .  
Also, a t  high-power o p e r a t i n g  c o n d i t i o n s ,  l e a n  f u e l - a i r  r a t i o s  a r e  main- 
t a ined  i n  hoth s t s g e s  t o  minimize NOx and smoke emission l e v e l s .  
The demonstrator Double Annular Combustor des ign  used i n  the  Phase 111 
t e s t s  incorporated thermodynamic f e a t u r e s  i d e n t i f i e d  i n  the  Phase I and I1 
Programs toge the r  with advanced aeromechanical f e a t u r e s  from .+her General 
E l e c t r i c  programs needed f o r  h igh-pressure ,  high-temperature usage.  D e t a i l s  
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t 3  
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Table 111. CF6-SOC Product ion B q i n e  Cyc le  Parmeterr. 
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a Pamb = 0.1013 Ma No Bleed 
Ian S w d  
@re OW& rc. 
r w 1  rlw I r t e  (T0t.I) u t s  
Cmbuator In le t  Z a p r e t u r e  K 
Conbustor Inlet  ?re..ute R e  
Corbuacor Airf iou Rate u1. 
Cmbuator b 1 - A i r - U t i o  d k  
M u a t o r  Reference Velocity ( I )  mi. 
Cor* K.h.u*t Cew F l w  I r t e  
 IS 
Core Exhaunt Fuel-Air b r i o  114 
thinstel1.d W t  Thrust b J  
Percent of Rated l l~ ruat  X 
Pi lot Stage Dome Assembly 
t 
- 
Main Stage Dnme Assemblv 
I 
Fi wre 2, Engiqe nemonst rat or noublc-Annular Combustor. 
10 
of t h e  s w i r l  cup and d m e  c o n e t r u c t i o n  a r e  shown i n  F igures  3 and 4. Fuel 
nozzles  a r e  shown i n  Figure  5. Both t h e  p i l o t -  and main-stage f u e l  nozzles  
a r e  i n s t a l l e d  through t h e  e x i s t i n g  f u e l  nozzle  p a r t s  of  t h e  engine  wi th  the  
combustor i n s t a l l e d .  The main-stage f u e l  nozz les  a r e  connected t o  t h e  e x i s t -  
ing engine f u e l  manifold ,  and t h e  p i lo t - s t age  f u e l  nozz les  are connected t o  
a new f u e l  manifold,  a s  shown i n  Figure  6. Fuel f l o r s p l i t  between mani- 
f o l d s  is  au tomat ica l ly  scheduled a s  a func t ion  o f  o v e r a l l  fuel-f low r a t e  and 
predetermined s e t t i n g s  of  t h e  f u e l - s p l i t t e r  c o n t r o l  d e v i c e  shown i n  Figure  7. 
The main-stage cut - in  po in t  and p i l o t - t o - t o t a l  fuel-f low s p l i t  a f t e r  main- 
s t a g e  cut - in  were ad jus ted  from t h e  engine  o p e r a t i n g  pane l .  
4.3 TEST FACILITY DESCRIPTION 
Tes t s  were canducted i n  C e l l  7 o f  t h e  Development Engine Tes t  Complex 
i n  Bui ld ing 500 of  t h e  Evendale, Ohio, p l a n t .  C e l l  7 is  designed s p e c i f i c a l l y  
f o r  t h e  development t e s t i n g  o f  l a r g e  turbofan engines  a t  sea- level  s t a t i c  
cond i t ions .  A t y p i c a l  i n s t a l l a t i o n  is  shown i n  Figure  8. The engine  is 
suspended from a t h r u s t  measuring frame through a f l i g h t - t y p e  pylon and 
engine fan duct  cowling. The engine  is opera ted from an a c o u s t i c a l l y  i so-  
l a t e d  c o n t r o l  room loca ted  i m e d i a t e l y  ad jacen t  t o  t h e  test c e l l  and on the  
l e f t  s i d e ,  a f t  looking forward. The gas  a n a l y s i s  equipment is loca ted  i n  a 
mezzanine room ad jacen t  t o  t h e  o t h e r  s i d e  of  t h e  test c e l l  and approximately 
i n  l i n e  with t h e  engine  exhaust  nozz le ;  t h u s ,  t h e  g a s  sample l i n e s  a r e  on ly  
about 8 m  long. 
Combustor ins t rumenta t ion  l o c a t i o n s  a r e  shown i n  F igure  9. The engine and 
t e s t  c e l l  a r e  equipped wi th  a l l  o f  t h e  normal development test ins t rumenta t ion  
needed t o  opera te  t h e  engine  s a f e t y  and determine t h e  o v e r a l l  s t e a d y - s t a t e  and 
t r a n s i e n t  o p e r a t i n g  c h a r a c t e r i s t i c s .  I n  a d d i t i o n ,  t h e  Double Annular Combustor 
and assoc ia ted  f u e l  supply  and c o n t r o l  system were e x t e n s i v e l y  instrumented t o  
determine the  performance o f  t h e  new components. A srmanary o f  key measured and 
c a l c u l a t e d  parameters is shown i n  Table I V .  
A new exhaust gas  sampling rake and t r a v e r s i n g  system, shown schemati- 
c a l l y  i n  Figure  10,  was u t i l i z e d  i n  t h e s e  tests. The assembly i n s t a l l e d  
i n  t h e  t e s t  c e l l  is shown i n  Figure  11. Eight sampling arms a r e  mounted 
r a d i a l l y  inward from a t r a v e r s e  r i n g  which is  s i z e d  t o  c l e a r  the  CF6-50 engine  
fan j e t .  Each arm h a s  t h r e e  sampling p o r t s  which a r e  loca ted  on c e n t e r s  of 
a r e a  of  the  c o r e  engine  exhaust  nozz le .  Al te rna te  arms a r e  manifolded t o  
c o l l e c t  12-point mixed samples. The e n t i r e  r i n g  can be r o t a t e d  f o r  t r a v e r s e  
sampling. The two sample l i n e s  and t r a v e r s e  motor c o n t r o l s  a r e  routed t o  t h e  
gas-analys is  room where rake  p o s i t i o n  and sample process ing a r e  s e l e c t e d  
dur ing t e s t .  
With t h i s  rake system, t h r e e  d i f f e r e n t  sampling techniques  were u t i l i z e d  
i n  t h e  Diesel  No. 2 f u e l  t e s t s :  
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2.44 m I.D. 
Steam Heat:s?cl 
I- Sahigl i ng A m s  
Dr... ~r 
E l e c t r i c a l l y  
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Sample Line "B" 
E l e c t r i c a l l y  Heated 
Forward 
Looking Aft 
Figure 10. Exhaust Gas-Sampling and Traversing Rake Diagram. 
Figure :I. Exhaust Gas-Sampl l n g  and Traversin. Rake Sys lrm Instal 1 a t  inn .  
A 12-poin t ,  f i xed - s ing l e -c ruc i fo rm r a k e  w i t h  th-  arms o r i e n t e d  
v e r t i c a l l y  and h o r i z o n t a l l y  and mani fo lded  t o  c o l l e c t  and a n a l y z e  
a  mixed sample.  T h i s  t echn ique  meets t h e  F e d e r a l  R e g i s t e r  s p e c i f i -  
c a t i o n s  (Re fe rence  1 3 )  and is  coded "Rake At'. 
A 12 -po in t ,  f i xed - s ing l e -c ruc i fo rm r a k e  a s  d e s c r i b e d  above excep t  
t h a t  t h e  arms were o r i e n t e d  45" from t h e  v e r t i c a l  and h o r i z o n t a l .  
This  t echn ique  a l s o  meets  t h e  F e d e r a l  R e g i s t e r  s p e c i f i c a t i o n s  and 
is coded "Rake B". 
A 24-poin t ,  f  ixed-double-cruc i fo rm r a k e  o b t a i n e d  by man i fo ld ing  
t h e  two s i n g l e - c r u c i f o r m  r a k e s  t o g e t h e r .  T h i s  t e c h n i q u e  is coded 
"Rake D". 
The gas  a n a l y s i s  a p p a r a t u s  i s  shown i n  F i g u r e  1 2 ,  and a  f low d iagram 
is shown i n  F ig  :e 13.  The two sample l i n e s  from t h e  r a k e s  were connected  
t o  t h e  sampling a p p a r a t u s  through a  doub le  three-way v a l v e  sys tem.  By 
mae ipu la t i on  o f  t h e s e  v a l v e s ,  O ~ P  l i n e  cou ld  be  ana lyzed  f o r  smoke e m i s s i o n s  
wh i l e  t h e  o t h e r  was ana lyzed  f o r  gaseous  e m i s s i o n s ,  o r  one  o r  bo th  l i n e s  
could  be s i m u l t a n e o u s l y  ana lyzed  f o r  bo th  smoke and gaseous  e m i s s i o n s .  I n  
o r d e r  t o  avoid  f u e l  con tamina t ion  o f  t h e  sys tem d u r i n g  e n g i n e  s t a r t i n g ,  t h e  
r a k e s  were back-f lushed wi th  d r y  a i r  by open ing  v a l v e  "B" i n  F i g u r e  13 .  To 
ma in t a in  h igh  v e l o c i t i e s  i n  t h e  sample l i n e s ,  t h e  dump pump ven ted  a nominal 
f l3w r a t e  o f  20 l i te rs  pe r  minu te .  The gaseous  e m i s s i o n s  a n a l y s i s  sys tem 
c o n s i s t e d  of fou r  a n a l y z e r s ,  e ach  manufac tured  by Beckman I n s t r u m e n t s ,  I n c .  
The CO (Model 865)  and C02 (Model 864) a n a l y z e r s  were bo th  n o n d i s p e r s i v e  
i n f r a r e d  (ND1R)instruments. To minimize w a t e r  i n t e r f e r e n c e ,  t h e  sample was 
passed through an i c e  t r a p  b e f o r e  e n t e r i n g  t h e  N D I R  i n s t ru inen t s .  The NOx 
a n a l y z e r  was a  (Model 951)  h e a t e d ,  chemiluminescece a n a l y z e r ;  t h e  HC a n a l y z e r  
was a  (Model 402) flame-ionization d e t e c t o r  (FID) i n s t r u m e n t .  No t r a p s  were 
tised i n  h e  KO, and HC l i n e s  ahead o f  t h e  i n s t r u m e n t s .  The pumps, t h e  f l ex -  
l i n e s  a t  t h e  r a k e s ,  and t h e  v a l v e  box were e l e c t r i c a l l y  h e a t e d .  A l l  o t h e r  
p o r t  i o n s  o f  t h e  sample sys tem were s team-t raced .  Tempera tures  t h roughou t  
t h e  sample system were moni tored  w i t h  f o u r t e e n  Chromel-Alumel thermocouples .  
4 .5  DATA REDUCTION PROCEDURES 
A l l  key eng ine  and combustor  performance d a t a  were r eco rded  by d i g i t a l  
d a t a  a c q u i s i t i o n  sys tems t o  be p r o c e s s ~ ? d  through s t a n d a r d  t e s t  d a t a  r e d u c t i o n  
programs f o r  c o n v e r t i n g  s i g n a l s  t o  e n g i n e e r i n g  u n i t s  and c a l c u l a t i n g  pre-  
s c r i b e d  ave rages ,  f low r a t e s ,  and performance pa rame te r s .  
The gaseous  emis s ion  a n a l y s i s  i n s t r u m e n t s  were c a l i b r a t e d ,  b e f o r e  and 
a f t e r  each t e s t  r u n ,  w i th  c a l i b r a t i o n  g a s e s  which had been checked a g a i n s t  
Na t iona l  Bureau o f  S t a n d ~ r d s  SRM gas  s t a n d a r d s .  The c a l i b r a t i o n  d a t a  and 
emiss ion  t e s t  d a t a  were manual ly  l ogg td  d u r i n g  t h e  t e s t  and s u b s e q u e n t l y  
i npu t  t o  a  computer d a t a  r e d u c t i o n  program where emis s ion  index ,  f u e l - a i r  
r a t i o ,  and combust ion  e f f i c i e n c y  were c a l c u l a t e d .  The e q u a t i o n s  used f o r  
t h e s e  c a l c u l a t i o n s  were b a s i c a l l y  t h o s e  i t a i n e d  i n  SAE ARP 1256 (Re fe rence  
1 4 ) ;  t h e  CO and C02 c o n c e n t r a t  i ons  were c o r r e c t e d  f o r  removal o f  wa te r  


from t h e  samples be fo re  analyses .  Hydrocarbon emiss ions  were assumed t o  
have t h e  same molecular weight a s  the  parent  f u e l  i n  the  em'asion index 
c a l c u l a t  ions .  For use i n  EPAP c a l c u l a t  i o n s ,  hydrocarbo-. emissioi. l e v e l s  
were converted t o  methane molecular weight a s  s p e c i f i e d  i n  t h e  Fecera l  
Reg i s t e r  (Reference 13) .  Smoke samples were c o l l e c t e d  a t  four d i f f e r e n t  
s o i l i n g  r a t e s ,  b racke t ing  t h e  quoted s o i l i n g  r a t e ,  f o r  subsequent r e f l e c -  
tance  measurement and d a t a  curve-f i t  t ing i n  accordance with Reference 13. 
Emissior~s d a t a  from t h e s e  eng ine  t e s t s  a r e  presented two wayE: ( a )  a s  
measured on t h e  demonstra tor  eng ine ,  and ( b )  a s  c o r r e c t e d  t o  standard-day,  
CF6-50C product ion engine  o p e r a t i n g  c o n d i t i o n s .  The engine  d a t a  r equ i red  
c o r r e c t  ion f o r  p r e s s u r e ,  t empera tu re ,  humidi ty ,  v e l o c i t y ,  and f u e l - a i r  r a t i o .  
The engine  i n l e t  p r e s s u r e ,  temperature ,  and humidity were not c o n t r o l l e d .  
The engine  performance, due t o  p r i o r  cyc 1 i c  endurance t e s t i n g  , had d e t e r i o -  
r a t ed  from product ion engine  s t a t u s .  In  p a r t i c c l a r ,  standard-day combustor 
a i r f l o w  r a t e s  ( ~ ~ ~ / 8 ~ / 6 ~ )  were about 7% low, and standard-day f u e l  f low 
r a t e s  (Wf/t1262) were about 25% high a t  i d l e  and about 8% high a t  t a k e o f f ,  
r e l a t i v e  t o  production engine  s t a t u s .  Standard-day combustor f u e l - a i r  r a t i o  
( f 4 / e 2 )  was t h e r e f o r e  about 33% h igh  a t  i d l e  and about 14% h igh  a t  take- 
o f f ,  r e l a t i v e  t o  product ion engine  s t a t u s .  
Engine emission d a t a  c o r r e c t  ion  f a c t o r s  used i n  t h i s  r e p o r t  a r e  pre- 
sented i n  Table V .  These f a c t o r s  a r e  based on c o r r e l a t i o n s  of  r i g  test d a t a  
where each of the  combustor o p e r a t i n g  parameters was s y s t e m a t i c a l l y  v a r i e d  
and v e r i f i e d  by c o r r e l a t i o n s  of  engine  d a t a  which a r e  desc r ibed  i n  Reference 
10. In some c a s e s ,  t h e  emiss ions  d a t a  c o r r e c t  ion f a c t o r s  were q u i t e  l a r g e  
due to t h e  combined e f f e c t s  o f  t h e  hot-day ambient c o n d i t i o n s  and t h e  d e t e r i -  
o ra ted  engine performance. Mult i p l  i e r s  f o r  c o r r e c t i n g  t h e  measured emiss ion 
l e v e l s  t o  standard-day,  product ion engine  combustor o p e r a t i n g  c o n d i t i o n s  
were approximately of t h e  following magnitudes: 
Emission Miniinum Mult i p l  i e r  
-. . - 
Maximum Mu1 t i p l  i e r  
- -- 
CO 0.54 ( a t  i d l e )  1.11 ( a t  cl imb) 
HC 1 .OO (except  i d l e )  1.75 ( a t  i d l e )  
NO, 0.82 ( a t  cl imb) 1.05 ( a t  i d l e )  
Smoke 0.2b ( a t  cl imb) 0.62 ( a t  approach) 

SECTION 5.0 
RESULTS AND DISCUSSION 
The engine t e s t  us ing  Diese l  No. 2 f u e l  was run on August 2 ,  1977. The 
on ly  change from t h e  previous  JP-5 f u e l  test s e t u p  was a d j u s t i n g  t h e  engine 
main f u e l  c o n t r o l  s e t t i n g  from 0.820 t o  0.830 t o  account f o r  t h e  h igher  spe- 
c i f i c  g r a v i t y  o f  t h e  Diese l  No. 2 f u e l .  No d i f f i c u l t i e s  were encountered.  
The engine  f i r e d  on t h e  f i r s t  a t tempt  and was run 4 .8  hours .  Fourteen steady- 
s t a t e  performance and exhaust  emiss ions  d a t a  r ead ings  were obta ined.  A t  t h e  
completion of  t h e  Diese l  No. 2 f u e l  t e s t ,  a  boroscope i n s p e c t i o n  of  t h e  com- 
bus to r  and t u r b i n e  was made. No thermal d i s t r e s s  o r  carbon d e p o s i t s  were 
found. Th i r ty - th ree  a d d i t i o n a l  hours  o f  eng ine  t e s t i n g  wi th  JP-5 f u e l  were 
then conducted be fo re  engine  teardown. 
Deta i led  exhaust  emiss ions  d a t a  a r e  l i s t e d  i n  Appendix A and d e t a i l e d  
eng ine /cmbus to r  performance d a t a  a r e  l i s t e d  i n  Appendix B. These r e s u l t s  
a r e  summarized i n  Tables  V I  and V I I  and a r e  d i scussed  i n  the  fo l lowing 
s e c t  ions .  
5.1 MEASURED EXHAUST EMISSION RESULTS 
Measured emission l e v e l s  o f  CO, HC, NOx, and smoke a r e  l i s t e d  i n  t h e  
c e n t e r  block of Table V I ,  and t r e n d s  with engine/combustor o p e r a t i n g  condi- 
t i o n s  a r e  i l l u s t r a t e d  i n  F igures  14 through 17. In t h e s e  f i g u r e s ,  measured 
emission l e v e l s  a r e  p l o t t e d  a g a i n s t  the  combustor o p e r a t i n g  paramete&, 
der ived from t h e  JP-5 d a t a  ana lyses  i n  Reference 10,  t h a t  were t h e  bases  f o r  
the  emission c o r r e c t i o n  f a c t o r s  shown i n  Table V. In each of t h e s e  f i g u r e s ,  
t h e  p l o t t e d  symbols a r e  t h e  measured Diese l  No. 2 f u e l  d a t a ,  t h e  s o l i d  l i n e s  
a r e  l i n e a r  r e g r e s s i o n  curve-f i t s  of  t h e  Diesel  No. 2 f u e l  d a t a ,  t h e  dashed 
l i n e s  a r e  l i n e a r  r e g r e s s i o n  c u r v e - f i t s  of t h e  JP-5 f u e l  d a t a  from Reference 
10,  and ( f o r  r e f e r e n c e )  v a l u e s  o f  t h e  o p e r a t i n g  parameters  fox t h e  CF6-5OC 
product ion engine on a  s t andard  day a r e  i n d i c a t e d .  
CO emission l e v e l s ,  shown i n  Figure  14 ,  were h i g h l y  dependent upor. 
engine power l e v e l  and t h e  combustor f u e l  s t a g i n g  mode. However, t h e  Diesel  
No. 2 d a t a  c o r r e l a t e  very  we l l  with t h e  parameters de r ived  f o r  JP-5 f u e l ,  
and t h e  Diesel  No. 2 emission l e v e l s  a r e  on ly  s l i g h t l y  h i g h e r  than t h e  JP-5 
emission l e v e l s .  
HC emiss ion l e v e l s  a t  low power, shown i n  Figure  15,  were very  low. 
These Diesel  No. 2 d a t a  a l s o  c a l c u l a t e  ve ry  wel l  wi th  the  parameter der ived 
f o r  JP-5 f u e l ,  but  t h e  emission l e v e l s  a r e  s u b s t a n t i a l l y  h i g h e r ,  percentage- 
wise ,  t h e s e  were the  l e v e l s  wi th  JP-5 f u e l s .  A t  high-power o p e r a t i n g  condi- 
t i o n s ,  HC emission l e v e l s  were a t  o r  below t h e  measurement threshhold  range.  
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Approach 7% Fn 5% Fn I d l e  
(Parameter N o .  3 from Tab le  V) 
Fi  gurc. 15. I1C E m i  s s  ion Chiiritc.I.c*ri s t  i c.s w i 1.h I) i c l s c p l  
No. 2 Fuel  

f,, Main S tage  Fuel-Air R a t i o ,  g/kg 
Ir 
Standard Day I 
Production Engine I/ 
- 0 Diesel  No. 2 Test  Data 
f p  L 5.6 g/kg I I /O 
Takeoff i +?=-f 
u ( a )  High Power Smoke Test  R e s u l t s  (Both S tages  Fueled)  
aJ 
k 
- 
- 
0 
0 5  10  1 5  2 0 2 5 3 0 
fm, P i l d r  S tage  Fuel-Air R a t i o ,  g/kg 
climb* O 
JP-5 Tes t  R e s u l t s  1 
y = 1.3 + 6.249 (X - 16.7) I/' 
/- 
/ I I 
- - -,- - 0-0- 
(b) Low Power Smoke Tes t  R e s u l t s  (Main Stage Lean o r  Unfueled) 
- 
Standard Day 
Production Engine 
I 
I 
0 Diesel  No. 2 Tes t  Data 
f, L 15.1 g/kg 0 'P 
- 
y = 3.79 (x - 7 . 5 )  / 
P J P - 5  Test  R e s u l t s  
y = 4 .0  + 11.54 (X - 1 5 . 7 )  
0, J 
> I I 
F i g u r e  17 .  Smoke Emission C h a r a c t e r i s t i c s  wi th  Diese l  No. 2 Fuel .  
- 
NO, emission l e v e l s ,  shown i n  Figure  16, were a l s o  h i g h l y  dependent 
upon engine power l e v e l  and t h e  combustor f u e l  s t a g i n g  mode. The Diese l  
No. 2 d a t a  again  c o r r e l a t e  ve ry  wel l  with the  parameters de r ived  f o r  JP-5 
f u e l ,  and the  Diesel  No. 2 emiss ion l e v e l s  a r e  s l i g h t l y  h igher  than t h e  JP-5 
emission l e v e l s .  
Smoke emission l e v e l s ,  shown in Figure  17,  a l s o  were h i g h l y  dependent 
upon engine power l e v e l  and f u e l  s t a g i ~ g  node. A t  high-yower o p e r a t i n g  con- 
d i t i o n s  (F igure  1 7 a ) ,  t h e  Diese l  No. 2 f u e l  r e s u l t s  were v i r t u a l l y  i d e n t i c a l  
t o  t h e  JP-5 d a t a  with . c spec t  t o  both t h e  e f f e c t  of combustor o p e r a t i n g  con- 
d i t i o n s  (main-stage f u e l - a i r  r a t i o )  and t h e  abso lu te  l e v e l s .  Smoke l e v e l s  
were very  low with e i t h e r  f u e l  when main-stage f u e l - a i r  r a t i o s  were less 
than 17g/kg, but they inc reased  very r a p i d l y .  A t  low-power o p e r a t i n g  condi- 
t i o n s  (F igure  17b) ,  t h e  Diesel  No. 2 f u e l  r e s u l t s  d i f f e r e d  s i g n i f i c a n t l y  
from t h e  JP-5 d a t a ,  p a r t i c u l a r l y  with r e s p e c t  t o  the  p i l o t - s t a g e  f u e l - a i r  
r a t i o  a t  which smoke l e v e l s  began t o  inc rease  very  r a p i d l y .  For JP-5 f u e l ,  
t h i s  c r i t i c a l  f u e l - a i r  r a t i o  was about 16g/kg, which i s  h igher  than t h e  
standard-day , product ion engine p i l o t - s t a g e  , design-operat  ing  c o n d i t i o n s .  
But with Diesel  No. 2 f u e l ,  t h e  c r i t i c a l  f u e l - a i r  r a t i o  was about 8g/kg,  
which i s  well  below t h e  p i l o t - s t a g e ,  des ign  o p e r a t i n g  c o n d i t i o n s .  
CORRECTED EXHAUST EMISSION RESULTS 
Emiscion l e v e l s  o f  CO, HC, NOx, and smoke which have been c o r r e c t e d  
t o  standard-day, CF6-50C product ion engine opera t ing  c o n d i t i o n s ,  us ing pro- 
cedures  descr ibed i n  Sec t ion  4 . 5 ,  a r e  l i s t e d  i n  the  right-hand block o f  
Table VL. Because of t h e  hot-day ambient c o n d i t i o n s  and the  d e t e r i o r a t e d  
engine performance, t h e  c o r r e c t e d  emission l e v e l s  c,f CO a t  low-power o p e r a t i n g  
cond i t ions  and smoke a t  a l l  opera t ing  c o n d i t i o n s  a r e  s i g n i f i c a r r t l y  lower than 
the  measured l e v e l s  o f  these  emiss ions .  
The cor rec ted  exhaust  emission l e v e l s  with Diesel  Fo. 2 and JP-5 f u e l s  
a r e  l i s t e d  i n  Table VII. Except f o r  smoke l e v e l  a t  lower engine  power oper- 
a t i n g  c o n d i t i o n s ,  t h e  emiss ions  l e v e l s  a r e  n e a r l y  t h e  same wi th  e i t h e r  f u e l .  
A t  approach power l e v e l ,  t h e  smoke number was 23 .2  wi th  Diese l  No. 2 f u e l .  
This smoke emission l e v e l  exceeds the  EPA s tandard  of 18.8 f o r  t h e  CF6-50C 
engine t h r u s t  r a t i n g .  
5.3 PERFORMANCE RESULTS 
Deta i led  engine and combustor performance r e s u l t s  a r e  presented i n  
Appendix B. Key t r e n d s  a r e  i l l u s t r a t e d  i n  F igures  18 and 19. 
Corrected engine s p e c i f i c  f u e l  consumpt ion and c o r r e c t e d  combustor 
f u e l - a i r  r a t i o  c h a r a c t e r i s t i c s ,  shown i n  Figure  18,  were v i r t u a l l y  t h e  same 
with Diesel  No. 2 and JP-5 f u e l s ,  i n d i c a t i n g  no s i g n i f i c a n t  d i f f e r e a c e  i n  com- 
bus t ion  e f f i c i e n c y .  
1 I 
D i e s e l  No. 2 Test  R e s u l t s ,  ' P i l o t  O i l l y  Fueled 
0 D i e s e l  No. 2 T P S ~  R e s u l t s ,  Both  Stage;  F u e i i d  
I -1 
JP-5 Test  R e s u l t s  
--I- Q- - 
1 
I 
Production CF6-50C Engine Stat ,us  
0 2 0 40 6 0 8 0 100 120 
Fn 3-, Corrected Thrust ,  Percent of CF6-50C Rated 
2 
Figure  18. Engine Performance C h ~ . r a c t e r i s t i c s  with D i e s c l  N o .  2 F u e l .  
r C - ' J P - 5  T e s t  R e s u l t s  1 
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Figure 19. Combustor Metal Temperature Characteristics 
with Diesel No. 2 Fuel. 
Peak combustor  m e t a l  t e m p e r a t u r e s  w i t h  D i e s e l  No. 2 f u e l  occu r r ed  a t  
t h e  same l o c a t i o n s  and c o r r e l a t e d  w i t h  t h e  same combustor  o p e r a t i n g  parame- 
ters i d e n t i f i e d  f o r  JP-5 f u e l  ( a s  shown i n  F i g u r e  1 9 ) .  The peak o u t e r  l i n e r  
and cen te rbody  t e m p e r a t u r e s  were a s  much a s  30 K h i g h e r  w i t h  D i e s e l  No. 2 
f u e l  t han  wi th  JP-5 f u e l .  Howcver, t h e  h i g h e s t  m e t a l  t e m p e r a t u r e s  o c c u r r e d  
on  t h e  i n n e r  l i n e r  and were v i r t u a l l y  i d e n t i c a l  f o r  D i e s e l  No. 2 and JP-5 
f u e l s .  A l l  o f  t h e  combustor  nretal t e m p e r a t u r e s  were lower t h a n  t h o s e  o f  
c u r r e n t  product  i on  combustors  and g e n e r a l l y  w i t h i n  t h e  l i m i t s  c o n s i d e r e d  
n e c e s s a r y  f o r  l o n g - l i f e  d e s i g n s .  A comparison o f  m e t a l  t e m p e r a t u r e s  co r -  
r e c t e d  t o  s t anda rd -day ,  p r o d u c t i o n  CF6-50C e n g i n e  o p e r a t i n g  c o n d i t i o n s  w i t h  
Diesel No. 2 and JP-5 f u e l s  is shown i n  T a b l e  VIII. 
5.4 COMPARISON OF ENGINE AND R I G  TEST RESULTS 
The f u e l  t r e n d s  o b t a i n e d  i n  t h e  e n g i n e  tests a r e  i n  good agreement 
w i th  t z s t  r i g  d a t a  o b t a i n e d  p r e v i o u s l y  and r e p o r t e d  i n  Reference  6.  The 
c u r r e n t  e n g i n e  d a t a  and p r e v i o u s  test r i g  d a t a  a r e  compared i n  Tab le  I X .  
These d a t a  a l s o  i n d i c a t e  t h a t  t h e  e f f e c t s  o f  f u e l  p r o p e r t i e s  o n  exhaus t  
emis s ions  and l i n e r  t e m p e r a t u r e  l e v e l s  a r e  somewhat g r e a t e r  w i t h  t h e  pro- 
d u c t i o n  CF6-50 combustor  t h a n  w i t h  t h e  Double Annular  Combustors.  
Table VIII. Comparison of Coabustor ~ ~ ~ t . 1  Temperature Levels with Dierel 
No. 2 and JP-5 Fuels. 
Corrected Thrbst , 
X of Takeoff 
3.3 
5.0 
7.0 
20.0 
30.0 
45.0 
65.0 
85 .O 
85.0 
92.0 
100.0 
100.0 
( l l ~ p - 5  Data from Reference 10, Table X X I I .  
(*)preferred Spl i t  for Emissions. 
Pilot-to-Total 
Fuel Flow S p l i t  
1 .OO 
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0.13 
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Liner 
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82 6 
83 1 
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J P - ~ ( ~ )  
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52 1 
547 
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10 56 
1088 
M t a l  Temperature, 
J P - ~ ( ~ )  
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613 
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6 16 
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75 9 
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Centerbody 
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SECTION 6.0 
CONCLUDING REMARKS 
A CF6-50 engine  equipped wi th  an advanced, l o r e m i s s i o n ,  Double Annular 
Combustor has  been t e s t e d  a t  s e a  l e v e l  o p e r a t i n g  c o n d i t i o n s  us ing  both JP-5 
and Diesel  No. 2 f u e l .  Exhaust emiss ion l e v e l s  and engine/combustor per- 
formance were measured i n  t h e s e  t e s t s .  As was p r e d i c t e d  from previous  r i g  
t e s t s  of  low-emission combustor des ign  concepts  (Reference 61, f u e l  e f f e c t s  
were q u i t e  moderate. 00 and HC emiss ion l e v e l s  a t  i d l e  were s l i g h t l y  h igher  
wi th  Diese? No. 2 f u e l ;  t h i s  is a t t r i b u t e d  p r i m a r i l y  t o  t h e  lower v o l a t i l i t y  
of  t h i s  f u e l .  A t  h igher  power o p e r a t i n g  c o n d i t i o n s ,  CO and HC l e v e l s  were 
very  low with  both f u e l s .  NO, emiss ion l e v e l s  were s l i g h t l y  h i g h e r  w i t h  
Diesel  No. 2 f u e l  a t  a l l  power l e v e l s ,  which is a t t r i b u t e d  t o  t h e  reduced 
hydrogen con ten t  and, hence,  h i g h e r  s t o i c h i o m e t r i c  flame temperature  o f  t h e  
Diese l  No. 2 f u e l .  A t  h igh  engine  power l e v e l s  where both combustor s t a g e s  
were fueled and opera ted l e a n ,  smoke emiss ion l e v e l s  were not f u e l  dependent. 
However, a t  low power o p e r a t i n g  cond t ions  where o n l y  t h e  p i l o t  s t a g e  was 
L e l e d  and, hence,  nea r  s t o i c h i o m e t r i c ,  smoke l e v e l s  were s i g n i f i c a n t l y  
h igher  wi th  Diesel  No. 2 f u e l .  The need f o r  improved f u e l  a tomiza t ion ,  
improved f u e l - a i r  mixing,  o r  l eaner  burning i n  the  p i l o t  s t a g e  wi th  Diesel  
No. 2 f u e l  is t h e r e f o r e  i n d i c a t e d  from t h e s e  t e s t s .  Liner  metal  temperature  
t r e n d s  were very  s i m i l a r  t o  t h e  smnoke em is sic^ t r end .  A t  high-power oper- 
a t i n g  c o n d i t i o n s ,  peak meta l  temperatures  occurred on t h e  inner  l i n e r  and 
were not f u e l  dependent. In  c o n t r a s t  t o  t h e s e  r e s u l t s ,  t e s t s  a t  NASA and 
e lsewhere ,  wi th  o l d e r  engine  combustor des igns  , have shown s i g n i f i c a n t  1 y 
increased smoke emission l e v e l s ,  carboning t endenc ies  , flame r a d i a t  ion ,  and 
metal  temperatures  wi th  Diese l  f u e l  (References  3, 4 ,  and 5). 
While t h e s e  t e s t  r e s u l t s  a r e  encouraging,  more t e s t i n g  exper ience  is  
s t i l l  needed t o  i d e n t i f y  problems which may b e  encountered wi th  t h e  use of 
broadened-specif i c a t  ion  f u e l s  i n  commercial a i r 1  i n e  and m i l i t a r y  s e r v i c e .  
I n  p a r t i c u l a r ,  t h e  fo l lowing t y p e s  of  t e s t s  a r e  recommended: 
1. Rel ight  T e s t s  wi th  Cold Fuel  and A i r  - T e s t s  i n  Reference 6 with 
ambient temperature  a i r  and f u e l  showed l i t t l e  d e t e r i o r a t i o n  wi th  
Diesel  fue l ,  bu t  g e n e r a l l y  g r e a t e r  e f f e c t s  a r e  a n t i c i p a t e d .  
2.  Fuel-Supply/Injection-System Thermal-Stabil i ty-Related T e s t s  - No 
fuel-nozzle gumming o r  plugging was i n d i c a t e d  i n  the  s h o r t  t e s t  
r epor ted  i n  t h i s  document, bu t  t h e s e  problems do not normally show 
up u n t i l  a f t e r  many hours  of  opera t ion .  Even wi th  c u r r e n t -  
s p e c i i i c a t  ion  f u e l s ,  t h e  h igh temperature environment i n  which 
t h e  f u e l  system components must o p e r a t e  makes t h e  l i f e  g o a l s  
d i f f i c u l t  t o  meet.  There fo re ,  any change i n  f u e l  s p e c i f i c a t i o n s  
w i l l  almost s u r e l y  aggravate  t h i s  s i t u a t i o n .  
3 .  Fl ight-Qual i ty  Combustor/Engine T e s t s  - The Double Annular com- 
bus to r  used f o r  t h e s e  t e s t s  is a ve ry  advanced des ign  concept.  It 
incorpora tes  more complexity than  any combustor des ign  c u r r e n t l y  
i n  use.  Addi t ional  development of  t h i s  combustor d e s i g n  concept 
is requ i red  ( p a r t i c u l a r l y  i n  t h e  a r e a s  of e x i t  temperature  d i s t r i b u -  
t i o n ,  engine  f u e l  c o n t r o l ,  and exhaust  emission r e d u c t i o n )  b e f o r e  
i t  can be considered f o r  product ion engines .  The requ i red  des ign  
changes i n  these  important  a r e a s  co ld  i n c r e a s e  t h e  s e n s i t i v i t y  t o  
f u e l  p r o p e r t i e s .  
APPENDIX A 
DETAILED EMISSION TEST RESULTS 
Table A-I.  Exhaust Emission Test Resul ts ,  
Diesel No. 2 Fuel Engine Tes t s .  
4 
SMK NBR 
34.6 
30.0 
32.0 
26.1 
25.5 
26.3 
22.9 
25.9 
23.7 
21.8 
16.7 
19.0 
37.8 
38.6 
37.7 
1.4 
0.8 
1.6 
1.8 
2.4 
2.4 
15.3 
14.5 
15.6 
34.0 
37.6 
35.7 
41.3 
43.6 
42.2 
44.1 
46.8 
45.6 
49.4 
52.3 
50.6 
43.7 
45.8 
43.7 
16.7 
11.8 
21.3 
B = 12-point s i ng l e  cruciform or ien ted  a t  45"-135" 
D = 24-point double cruciform ( A  and B) 
C 
EINOX 
G/KG 
4.2 
4.2 
4.2 
4.8 
3.8 
4.9 
5.5 
5.7 
5.7 
9.1 
9.4 
EICO 
G/KG 
67.1 
66.8 
67.1 
51.5 
~ a k e ( l )  
A 
B 
D 
A 
Rdg 
59 
59 
59 
99.61 
99.60 
99.61 
99.62 
99.85 
99.85 
99.85 
99.78 
99.78 
99.79 
99.93 
99.93 
99.93 
99.96 
99.96 
99.96 
99.95 
99.94 
99.94 
99.95 
99.95 
99.95 
99.96 
99.95 
99.95 
99.96 
99.96 
99.96 
98.72 
99.50 
98.48 
FARS 
G I K G  
11.64 
11.64 
11.64 
11.05 
11.02 
11.02 
10.65 
10.53 
10.60 
11.93 
11.81 
HUM 
G I K G  
8.29 
8.29 
8.29 
COMEFF 
% 
98.28 
98.26 
98.26 
98.71 
98.70 
98.70 
99.04 
99.06 
99.07 
99.57 
99.60 
EIHC 
G I K G  
1.4 
1.7 
62 8.57 
63 1 8.57 
6 1 1 8 . 5 7  
61 8.57 
61 / 8.57 
62 8.57 
62 1 8.57 
EINO 
G/KG 
2.4 
2.4 
0.1 
0 
0.8 
0.5 
0.5 
0.5 
0.1 
0.1 
1.6 1 2.6 
63 , 8.57 
63 8.57 
64 / 8.29 
64 1 8.29 
64 i 8.29 
66 j 8.29 
66 / 8.29 
66 / 8.29 
67 1 8.29 
67 / 8.29 
67 ! 8.29 
68 1 9.14 
68 : 9.14 
68 j 9.14 
3.2 
3.8 
3.9 
3.9 
7 .2  
7.3 
D 
A 
51.7 
D 1 51.7 
16.5 
17.0 
A 
B 
D 
A 
0 
7.4 1 9.4 i 11.89 
38.8 
37.9 
37.6 
17.9 
16.6 
8.7 11.0 14.06 
0 B 8.8 
8 . 3  
10.1 
10.1 
10.1 
8.3 
8.2 
8.4 
14.1 
16.6 
24.0 
24.5 
24.3 
21.6 
22.0 
69 1 9 . 1 4  ( A 2.2 1 0 
D 
A 
B 
D 
A 
0 
D 
21.51 
20.68 
20.92 
11.0 / 13.82 
11.0 14.10 
12.5 1 15.75 
12.4 15.42 
12.3 1 15.50 
B 
D 
A 
B 
D 
2.4 
16.1 i o 
6.0 ! 0.1 
5.9 1 0 . 1  
0.1 
0.2 
0.2 
0.2 
21.80 
21.31 
21.51 
23.27 
22.35 
22.55 
23.06 
22.40 
22.60 
10.29 
10.78 
10.97 
11.0 1 
10.8 
11.0 
16.3 
16.5 
16.3 
24.1 
24.3 
24.4 
0 
69 9.14 1 2.4 
A 1 2 . 7  
( l ) ~  = 12-point s ing le  cruciform or ien ted  a t  0"-90" 
15.35 
15.19 
15.31 
18.20 
17.67 
17.75 
21.85 
21.16 
21.16 
2.8 
2.8 
1.8 
1.8 
1.8 
0 22.0 
2.2 
2.3 
2.3 
1.9 
70 / 9.14 
70 i 9.14 
70 1 9.14 
71 i 9.14 
0 23.3 25.7 
0 1 23.3 25.8 
14.2 
14.0 
A 
B 
D 
A 
0 
0 
0 
0 
0 
0 
0 
1.9 
2.2 
2.2 
0 
0 
0 
71 1 9 . 1 4  / B 2.1 
71 / 9.14 D 
72 / 9.14 ' A  1.6 
72 9.14 B 1 1.8 
21.9 
22.1 
22.1 
23.2 25.0 
26.1 1 28.5 
72 
73 
73 
73 
I 
26.6 
26.5 
25.4 
25.5 
25.3 
2.0 
1.9 
2.0 
29.0 
29.2 
27.8 
27.9 
27.7 
4.8 
3.8 
3.8 
9.14 
9.14 
9.14 
9.14 
D 1.7 
A 1 46.3 
B 
D 
54.6 
55.5 

APPENDIX B 
DETAILED ENGINE/COMBUSTOR PERFORMANCE TEST RESULTS 
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Table B-11. Combustor Metal Temperatures, Diesel 
No. 2 Fuel  Test (Concluded), 
e .  Inner Liner Aft Panels 
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Table B-IV. Turbine Exit Temperature Profile Factor, Diesel No. 2 Fuel Tests. 
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311.31 746.23 
312.94 735.05 
329.06 781.00 
341.87 856.27 
359.15 917.59 
358.84 909.47 
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388.32 11 12.6 
390.64 1132.2 
396.39 1173.0 
394.57 1167.8 
308.42 720.25 
T49, Immersion Average ' T49, Overall Average 
T49, Overall Average ' T25 
High Pressure Turbine Exit Radial 
Temperature Profile Factor 
A(Tip) B C D E(Root) 
-0.086888 0.093487 0.063408 0.013225 -0.066908 
-0.11271 0.10044 0.072797 0.019825 -0.58095 
-0.13490 0.10767 0.085825 0.023901 -0.054472 
-0.13272 0.13615 0.10113 -0.002322 -0.073121 
-0.12612 0.13423 0.094118 -0.006293 -0.068617 
-0.14422 0.039851 0.058215 0.047116 0.031517 
-0.15138 0.019859 0.044606 0.058373 0.056631 
-0.15711 0.005761 0.039882 0.066200 0.075569 
-0.15231 -0,003234 0.037538 0.067898 0.080112 
-0.15680 -0.010935 0.031252 0.074705 0.093018 
-0.15306 -0.013149 0.030070 0.074537 0.092210 
-0.14277 -0.017372 0.027178 0.072623 0.089144 
-0.14151 -0.009168 0.033383 0.067475 0.077934 
-0.019235 0.072056 0.035687 -0.006718 -0.085150 
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